Matrix metalloproteinases (MMPs) are the proteases responsible for tissue remodeling during liver fibrosis caused by various disorders including biliary atresia. However, information regarding the relative contribution of these proteases to liver fibrosis is still limited. We studied matrix metalloproteinase-2 (MMP-2), -7, -9 and -13 mRNA expressions in the liver tissue of early-stage biliary atresia at the time of Kasai's procedure, late-stage biliary atresia at the time of liver transplantation with advanced fibrosis and nondiseased control without liver fibrosis. The results of real-time quantitative reverse transcriptase-PCR analysis revealed that only MMP-2 and -7 expressions were significantly different between groups. MMP-2 was significantly higher in Liver Transplantation group than both in Control (P ¼ 0.010) and in Kasai's Procedure (P ¼ 0.001) groups, whereas the difference of MMP-2 expression between Control and Kasai's Procedure was not significant. However, the relative expression level of MMP-7 was sequentially elevated when comparing Control, Kasai's Procedure and Liver Transplantation groups, and there was significant (P ¼ 0.019) difference when comparing Control and Liver Transplantation groups. Moreover, the fold difference in MMP-7 mRNA was much higher than that in MMP-2 mRNA between groups. The expressions of MMP-7 were further confirmed by agarose gel electrophoresis and Western blotting. Immunohistochemical analysis revealed a significant positive correlation of the scores of MMP-7 immunostaining with the stages of liver fibrosis. In situ hybridization demonstrated that the bile ductular epithelial cells, Kupffer cells and hepatocytes were the major producers of matrix metalloproteinase-7 in the liver. Our results imply that MMP-7 is a major MMP associated with the tissue remodeling during the progression of liver fibrosis in biliary atresia. Modern Pathology (2005) 18, 941-950.
It has recently been suggested that biliary atresia is not a single disease, but a phenotype of several underlying specific disorders to which the infant responds in a stereotypic manner by a complex dynamic process. 1 The grave prognosis in biliary atresia invariably depends on the occurrence of liver cirrhosis, which is currently the leading cause of liver transplantation in children. [2] [3] [4] Kasai's portoenterostomy is the only effective procedure for correction of biliary atresia at the early stage. However, many of the patients who have received the Kasai's procedure still develop liver cirrhosis even though the bile flow is adequate. 5 Hence, liver fibrosis is still a major problem in the treatment of biliary atresia.
The progress of liver cirrhosis is a complex process involving many cytokines related to activation of the hepatic stellate cells and alteration of the extracellular matrix. [6] [7] [8] [9] [10] [11] [12] The extracellular matrix holds cells together and maintains the three-dimensional structure of organs including the liver. The extracellular matrix component of the normal liver is relatively minor, and liver fibrosis is the result of extensive tissue remodeling with a net increase in extracellular matrix. The key enzymes responsible for degradation and deposition of all the protein components of extracellular matrix and basement membrane are matrix metalloproteinases (MMPs) and their endogenous inhibitors. There have been 24 human MMPs and four tissue inhibitors of metalloproteinases (TIMPs) identified. 13 It is known that most of MMPs are not constitutively expressed in the normal liver.
14 Many studies have focused on the expression profiles of MMPs in liver fibrosis, but the results are inconsistent and obviously affected by their underlying diseases and the different methods of detection. [15] [16] [17] [18] [19] [20] [21] [22] To address the major MMPs that involve in the progress of liver fibrosis in biliary atresia, we studied MMP-2, MMP-9 and MMP-13 that were most commonly reported MMPs related to the regulation of liver fibrogenesis. We also studied MMP-7, which has been mentioned being the key regulator of pulmonary fibrosis 23 and is expressed in significantly higher level in DNA microarray 24, 25 but not being studied otherwise in liver fibrosis associated with biliary atresia. Real-time quantitative reverse transcriptase-PCR (qRT-PCR) showed a significantly higher expression of MMP-2 and MMP-7 in the late cirrhotic stage of liver compared to the control. However, the fold difference in the expression of MMP-7 mRNA was much higher than that of MMP-2 mRNA. These findings were consistent with the results of MMP-7 protein expression studies by Western blotting and by immunohistochemistry, and implied that MMP-7 is a major MMP involving in the progress of liver fibrosis associated with biliary atresia.
Materials and methods

Patients and Samples
To compare MMP-2, -7, -9 and -13 expression between early and late stages of biliary atresia, 30 snap frozen liver samples were analyzed with realtime qRT-PCR. A total of 12 wedge liver biopsy samples of early biliary atresia patients receiving Kasai's procedure were referred as the Kasai's Procedure group, and 12 liver explants of late biliary atresia patients receiving liver transplantation were referred as the Liver Transplantation group. The other six nondiseased liver samples, referred as the Control group, were derived from the young children receiving partial resection of liver in abdominal operations without any association with biliary disorders. Five of them were removed from patients who underwent repairs of hiatus hernia and diaphragmatic hernia, corrections of malrotation and esophageal atresia, and closure of gastrostomy, respectively. The other one was obtained from partial hepatectomy for internal bleeding. All the liver tissues were used after the informed consent was obtained from the patients' parents. There were seven female and five male patients in the Liver Transplantation group, six female and six male patients in the Kasai's Procedure group, and two female and four male subjects in the Control group. The mean age of these patients in Liver Transplantation, Kasai's Procedure and Control groups was 1576, 271 and 18724 months, respectively.
To correlate the MMP-7 immunochemical staining with the stages of liver fibrosis, the archival liver tissues of 57 patients with biliary atresia, including 36 in Kasai's procedure and 21 in liver transplantation from the Department of Pathology, Chang Gung Memorial Hospital, Kaohsiung, were examined and staged for liver fibrosis as suggested by Ferrell 26 after Masson's trichrome staining. All the liver specimens for qRT-PCR were also included. The study, including the use of fresh and paraffin-embedded tissue specimens, was approved by the Medical Ethics and the Human Clinical Trial Committee at Chang Gung Memorial Hospital, Taiwan.
RNA Isolation and qRT-PCR
Real-time qRT-PCR was performed using the ABI 7700 Sequence Detection System (Perkin-Elmer Life Sciences, Boston, MA, USA). Total RNA was isolated from frozen liver tissue using a single-step method with REZOLtC&T (Protech technology, Taipei, Taiwan), and the first-strand complementary DNA (cDNA) was synthesized by reverse transcription with oligo(dT)15 primers, M-MLV reverse transcriptase, and dNTP mixture (Promega, Madison, WI, USA). PCR was performed in 50 ml SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) containing 25 ml of the SYBR Green PCR master mix, 0.2 mM each of forward and reverse primers, and approximately 30 ng of cDNA. The sequence of the primers used in this study was shown in Table 1 .
Amplification and detection was performed with the following profile: 1 cycle of 951C for 10 min and 40 cycles of 951C for 15 s, 601C for 30 s, and 721C for 15 s. After amplification, a final melting curve was performed according to the dissociation protocol of the ABI7700 instrument. Real-time fluorescence measurement was read and a threshold cycle (C T ) value for each sample was calculated by determining the point at which the fluorescence exceeded a threshold limit, that is, 10 times the standard deviation of the baseline. b-Actin was also quantified as the endogenous RNA control. Each sample was normalized to its b-actin content. Relative quantitation of gene expression was based on comparative C T method, in which the amount of target was given by 2
ÀðDC T targetÀDC T calibratorÞ or 2 ÀDDC T . The calibrator was chosen as it had the lowest expression value across the groups for the same gene under statistical comparison. To confirm the specificity of the PCR reaction, PCR products were electrophoresed on a 1.5% agarose gel.
Western Blotting
To identify MMP-7 protein in liver tissue, rabbit polyclonal antibody Ab-4 recognizing both proenzyme and active enzyme of MMP-7 and mouse monoclonal antibody Ab-2 recognizing active form of MMP-7 only were purchased (Oncogene Research Products, Boston, MA, USA). Total proteins from two fresh liver specimens each of the Control, Kasai's Procedure and Liver Transplantation groups were isolated respectively by protein extraction reagent (Pierce Biotechnology, Rockford, IL, USA). The amount of total protein was measured with Bio-Rad protein assay method (Bio-Rad Laboratories, Hercules, CA, USA). In all, 50 mg of total protein of each sample was separated by SDS-PAGE using a 12.5% gel. The separated proteins were transferred and immobilized from gel to a PVDF membrane. To block nonspecific reactivity, the membranes were treated with phosphate-buffered saline (PBS) buffer containing 3% dry milk for 1 h. Then either MMP-7 Ab-4 or Ab-2 antibody was applied for 2 h. After PBS washing, the membrane reacted with MMP-7 Ab-4 was incubated with horseradish peroxidase (HRP)-linked goat anti-rabbit antibody, and that reacted with MMP-7 Ab-2 was incubated with HRP-linked goat anti-mouse antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA), respectively, for 1 h. Detection was carried out with the ECL Western blotting kit (Amersham Biosciences, Bucks, UK). The amount of a-tubulin was also detected as the internal control.
Immunohistochemistry
Liver sections (2-mm thick) on poly-L-lysine-coated slides were dewaxed, treated with 3% hydrogen peroxide for 10 min to inactivate the endogenous peroxidase activity and microwaved for 10 min in 10 mM citrate buffer to retrieve antigens. The sections were then incubated with rabbit MMP-7 polyclonal antibody Ab-4 (1:100 dilution) for 1 h at room temperature. After washing with PBS, the sections were reacted with the HRP/Fab polymer conjugate (PicTuret-Plus kit) (Zymed, South San Francisco, CA, USA) according to the manufacturer's instructions and then incubated with DAB chromogen. The sections were finally counter stained with Gill's hematoxylin (Merck, Darmstadt, Germany). The paraffin sections of infiltrating duct carcinoma of breast were used as positive control by the recommendation of the manufacturer. Negative control was also done by omitting the primary antibody. The immunoreactivity was scored using an arbitrary scale of 0 to 3 þ reflecting the intensity of corresponding immunoreactive MMP-7.
Non-Radioactive In Situ Hybridization
To localize MMP-7 gene in the liver tissue, we used a protocol of nonradioactive in situ hybridization (ISH) with catalyzed reporter deposition method for signal amplification as previously described. 27, 28 For preparation of the probes, the cDNA was obtained and subcloned into pGEM s -T Easy Vector. Digoxigenin-labeled antisense riboprobes were synthesized using in vitro transcription method according to the manufacturer's instructions (Roche, Mannheim, Germany). The sense riboprobes were also synthesized by the same method to be served as the negative control in ISH. The cohort sections were prepared by cutting the paraffin-embedded tissue blocks to 4 mm in thickness and placing on the silane coating slides followed by deparaffinization. The procedure of deparaffinizaion and rehydration of the sections was handled under RNase-free condition with the use of diethylpyrocarbonate water. The sections were then digested with 20 mg/ml proteinase K at 371C for 25 min, followed by acetylation in freshly prepared 0.25% acetic anhydride in 0.1 M triethanolamine pH 8.0 for 10 min. The digoxigenin-labeled riboprobes were diluted in mRNA ISH solution (DAKO, Capinteria, CA) to 1 mg/ml, denatured at 1001C and then added on the tissue sections. The slides were placed in a humid chamber and incubated in an incubator at 501C overnight for hybridization. After hybridization, the sections were washed to remove the unbound probes and incubated with rabbit HRP-anti-digoxigenin antibody (1:150 dilution) (DAKO) in blocking buffer for 1 h at room temperature, followed by a wash to remove unbound antibody. The signals were amplified with DAKO GenPoint kit according to the manufacturer's protocol and finally developed by adding DAB. 
Statistical Analysis
Comparisons of gene expression between groups in qRT-PCR were performed by one-way ANOVA analysis. The stages of liver fibrosis were correlated with MMP-7 immunohistochemical staining scores by using Spearman rank-correlation coefficient. A P-value less than 0.05 was regarded as statistically significant.
Results
The Moreover, the fold difference between groups in MMP-7 was much higher than in MMP-2. The results were further confirmed with agarose gel electrophoresis and the protein expression of MMP-7 was also verified with Western blotting (Figure 3 ). Age and sex were obviously not contributing factors to the difference, as the age of the patients in Liver Transplantation group ranked in between those in Control and Kasai's Procedure groups and the sex distributions were relatively homogenous among groups. 
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Increased MMP-7 Immunostaining in Kupffer Cells and in Bile Ductules Coincides with Progress of Liver Fibrosis
To further characterize the MMP-7 protein expression in the liver during the progress of liver fibrosis in biliary atresia, immunohistochemical staining was carried out (Figure 4 ). It was found that in the Table 2) .
ISH Study Localizes MMP-7 Mainly in Hepatocytes, Kupffer Cells and Bile Ductular Epithelial Cells
ISH was used to localize MMP-7 transcript in the liver tissue of biliary atresia. In the Control group, the signals of MMP-7 mRNA were very weak and were localized mainly in the hepatocytes, Kupffer cells, endothelial cells and bile ductular epithelial cells. With progression of liver fibrosis, the staining intensity in the hepatocytes and bile ductular epithelial cells was also increased. The increase in MMP-7 signal intensity was most prominent in the bile ductular epithelial cells in the Liver Transplantation group, which was stronger than that in the hepatocytes. Besides, distinct signals were present in Kupffer cells in both the Kasai's Procedure and Liver Transplantation groups. Other cells in the interstitial tissue were only faintly or not stained ( Figure 5 ).
Discussion
This study reveals that MMP-7 expression is positively related to the progression of liver fibrosis in biliary atresia demonstrated in mRNA level by qRT-PCR and in protein level by immunohistochemistry. The limited cases analyzed by Western blotting also show such a trend. As we did not have enough fresh liver tissues from the other cases to confirm the results of western blotting, we have recently performed ELISA with Quantikine s Human MMP-7 Immunoassay (R&D Systems) on the liver tissues of 12 new cases (six Kasai's Procedure and six Liver Transplantation). The results revealed that the mean of MMP-7 in Kasai's Procedure group was 5.23 ng per mg total protein and that in Liver Transplantation group was 17.73 ng per mg total protein. The statistical significance came out to be borderline (P ¼ 0.057) by t-test. Although most of the cases were not included in the present study, the result of ELISA analysis was still consistent with the findings in qRT-PCR and Western blotting.
The histologic features of biliary atresia include cholestasis, periportal ductular reaction and the presence of bile plugs. Periportal/perilobular fibrosis is progressive and eventually causes liver cirrhosis. 29 Ductular reaction is a common phenomenon in extrahepatic obstruction. The epithelial component of the ductular reaction may derived either from the cells preexisting in the biliary tree, from the circulation or from biliary metaplasia of hepatocytes. 30 Besides, activated Kupffer cells plays 0  1  0  1  0  2  I  0  5  2  0  7  II  0  8  8  1  17  III  2  4  3  4  13  IV  0  2  5  11  18   Total  3  19  19  16  57 an important role in liver fobrosis by the production of fibrogenic cytokine transforming growth factor b1 and MMPs such as MMP-9. 31 However, the role of MMP-7 in liver fibrosis has not been documented. MMP-7, also known as matrilysin, is the smallest known MMP that lacks the COOH-terminal hemopexin-like domain, which may restrict its substrate specificity. 32 We detected MMP-7 mRNA and protein in the hepatocytes, bile ductular epithelial cells and Kupffer cells. It was consistent with the previous reports that MMP-7 expresses in a few normal human cell types including endometrium, various exocrine glandular epithelia and mononuclear phagocytes. [33] [34] [35] The expression is weak in the normal liver and is highly upregulated in response to progressive liver fibrosis. Such a trend is similar to a recent study of idiopathic pulmonary fibrosis by using oligonucleotide microarrays, which identified MMP-7 as a key regulator of pulmonary fibrosis in mice and humans. 23 Just like preferential release of MMP-7 to the airway lumen in lung injury, the bile plugs in the lumens of the bile ductules in patients with liver cirrhosis are strongly positive for MMP-7. It was proposed that luminal MMP-7 may facilitate epithelial cell migration and re-epithelialization in response to lung injury. 36 MMP-7 was also found to function in intestinal mucosal defense by regulating the activity of defensins and its bactericidal activity. 37 Taken together, release of MMP-7 from the bile ductular epithelial cells to the lumen in cirrhotic liver may imply a role in tissue repair processes. Furthermore, MMP-7 was found to be able to cleave extracellular matrix and basement membrane proteins such as fibronectin, collagen type IV, and laminin, 35 and to mediate E-cadherin ectodomain shedding in injured lung epithelium and accelerate cell migration. 38 Hence, the role of MMP-7 in remodeling of extracellular matrix during liver fibrogenesis may require further investigation.
There have been few studies reporting the increase in MMP-7 mRNA expression in biliary atresia. Bezerra et al showed a 4.6-fold change in hepatic MMP-7 in patients with biliary atresia comparing to those with neonatal intrahepatic cholestasis by cRNA hybridization against oligonucleotide-based gene chips. 24 Chen et al 25 demonstrated a similar result that MMP-7 expression in biliary atresia liver had 2.46-fold change over that in normal liver and 1.93-fold change over diseased controls by cDNA microarray. Notably, MMP-7 was the only MMP significantly upregulated in the liver of biliary atresia in these two studies. Besides the role in pulmonary fibrosis mentioned above, MMP-7 has also been found to be related to progression of tubulointerstitial fibrosis in renal tubular injury in human, 39 and to be involved in the tissue remodeling process and fibrosis of the left atria during progression of heart failure in rat. 40 Furthermore, Lichtinghagen et al 17 analyzed hepatic mRNA expression and reported that MMP-2, MMP-7, and TIMP-1 provided the best discrimination between cirrhosis and pre-cirrhotic stages in patients with chronic active hepatitis C, and steadily increasing mRNA expression with disease progression in MMP-1, -2, -7 and -14 closely correlated to the parameters of fibrogenesis in hepatitis C virus-induced liver cirrhosis. 41 These previous reports support our findings that MMP-7 is a major MMP associated with liver fibrosis, and our study is the first report to correlate the stage of liver fibrosis with MMP-7 expression in biliary atresia patients.
MMP-2, known as a 72 kDa gelatinase, can degrade gelatin, fibronectin, laminin and nidogen. 31, 42 It has been reported that hepatic MMP-2 mRNA expression was increased in fibrotic liver caused by hepatobiliary disorders including biliary atresia, 20 and serum MMP-2 level was higher in biliary atresia compared with the control. 15 However, Walsh et al 18 reported that the serum levels of MMP-2 failed to correlate with fibrosis and with histological index in the patients with chronic hepatitis C. These findings, together with the studies of Lichtinghagen et al 17, 41 on hepatitis C-related liver fibrosis, agreed with our result that MMP-2 was significantly upregulated in the stage of advanced cirrhosis but not in the early stage in biliary atresia. It implies that increase in MMP-2 expression in liver could be a late event in the progress of liver cirrhosis but not necessary to be biliary atresia-related.
In conclusion, MMP-7 is identified as a major MMP increased in expression during the progress of liver fibrosis in biliary atresia. Downregulation of MMP-7 might be able to influence the course of tissue remodeling and to change the outcome of liver fibrosis. Further characterization with the use of knockout mice could be useful to verify the findings and to develop an antifibrotic strategy.
